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Abstract 
In order to measure the 2.5 MeV neutrons produced by DD nuclear fusion reactions, we have developed a compact neutron 
detector based on nuclear emulsion. After optimization of development conditions, we evaluated the response of the detector to 
an accelerator-based DD neutron source. The absolute efficiency at an energy of 2.5 MeV was estimated to be (4.1±0.2)h10-6 
tracks/neutron. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Efficient magnetic confinement of deuterium/tritium plasma has been developed toward realization of a nuclear 
fusion reactor as future energy source. To obtain the required high temperature and density of the plasma, this 
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confinement of energetic ions is important during heating. Measurement of the 2.5 MeV neutrons (DD neutron), 
which are one of the reaction products of the DD fusion reaction, is useful for energetic-ion diagnostics since DD 
neutrons are mainly produced by energetic D+ related DD reactions. We have developed a compact DD neutron 
detector based on a nuclear emulsion which serves as a neutron energy spectrometer and neutron camera, see 
references Y. Nomura (2011) and H. Tomita (2013). For DD neutron detection, we applied OPERA film and its 
analyzing system “S-UTS” described in K. Morishima (2010) because a large volume of the films has been 
successfully used in the OPERA experiment. In this paper, we show an optimization of development condition of the 
OPERA film for DD neutron detection and an absolute efficiency of the compact DD neutron detector.  
2. Compact DD neutron detector based on nuclear emulsion system 
The detection principle of the compact DD neutron detector, which has been described in detail in Y. Nomura 
(2011), is briefly shown here. The detector consists of a nuclear emulsion plate and a pinhole collimator covering the 
plate as shown in Fig. 1. Using the pinhole collimator made of a tungsten alloy, most neutrons are incident into the 
emulsion layer after passing through the pinhole. An incident neutron interacts with a hydrogen atom in the emulsion 
layer by elastic scattering, transferring some recoil energy to a proton, depending on its scattering angle. After 
development of the emulsion, tracks of the recoiled protons caused by fast neutrons are analyzed. Because the track 
length of a recoiled proton in the emulsion depends on its energy, the recoiled proton energy Erp can be calculated. 
The scattering angle θ of a neutron can be derived from the angle between the vector directed from the pinhole to the 
start point of the recoiled proton track and the vector pointing along the track. Thus, the incident neutron energy En = 
Erp/cos2θ can be estimated. Furthermore, the combination of the pinhole collimator and nuclear emulsion may be 
applied as a pinhole camera for fast neutrons. 
 
Fig. 1. Principle of fusion neutron measurement by nuclear emulsion system 
3. Optimization of development conditions 
In a nuclear fusion experiment, intense high energy X(J)-rays are generated. Although nuclear emulsion has the 
capability of n-J discrimination by shape and grain density of the track, recognition of the recoiled proton tracks is 
difficult with a large amount of fast electron tracks caused by the high intensity X(J)-rays. Therefore, development 
conditions of the emulsion need to be optimized to suppress these fast electron tracks. The OPERA films were 
irradiated by DD neutrons and high energy X(J)-rays from deuterium plasma in the experimental fusion device 
Korea Superconducting Tokamak Advanced Research (KSTAR) at National Fusion Research Institute. The OPERA 
films were developed with an OPERA film developer with pH values 9.8 and 7.4. An adjustment of the pH level 
was carried out by adding acetic acid to the developer. The experimental results are shown in Fig. 2. Whereas the 
track density of recoiled protons was unaffected by pH and development time, development with lower pH and 
shorter development time lead to lower fog density. Because a development time of 40 min was sufficient to obtain 
the proper length of recoiled proton tracks, this duration at pH 7.4 was adopted as optimal development condition.  
 
Fig. 2. (a)The recoiled proton density and (b) fog density in nuclear emulsion for each development condition. 
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4. Response to mono-energetic DD neutron point source 
We evaluated the response function of the detector using an accelerator based DD neutron point source at the 
Fusion Neutron Source (FNS), Japan Atomic Energy Agency. The detector was set 1.5 m apart from a deuterium-
storage target at 80 degrees with respect to the direction of the beamline. Based on the angular dependence of the 
neutron energy, the energy at the detector position was calculated to be 2.8 MeV. After neutron irradiation, the OPERA 
film was developed under the conditions mentioned above and then analyzed by the S-UTS. Figure 3 shows (a) the two 
dimensional histogram of track density of recoiled proton on nuclear emulsion and (b) the profile of track density in the 
emulsion. We made a Monte Carlo simulation based on PHITS code and results are plotted in Fig. 3 (b). The 
experimental data is in good agreement with the calculated one. The relative efficiencies for 2.5 MeV and 2.8 MeV 
neutron were estimated by the Monte Carlo simulation as well. Therefore, the absolute efficiency for 2.5 MeV neutron 
was estimated to be (4.1±0.2)h10-6 tracks/neutron.  
 
Fig. 3. (a) The two dimensional histogram of track density in the nuclear emulsion (5cm5cm). (b) Profiles of track density in nuclear emulsion 
obtained by experimental using DD neutron point source and Monte Carlo simulation based on PHITS code. The efficiencies for 2.8 MeV neutron 
were (4.7±0.2)h10-6 and (4.6±0.2)h10-6 tracks/neutron by the experiment and simulation, respectively. 
5. Summary 
We have developed a compact fusion neutron detector based on nuclear emulsion in order to measure DD fusion 
neutrons. By development of the emulsion with a development time of 40 minutes at pH 7.4, tracks of fast electrons 
from the deuterium plasma could be suppressed. We evaluated the response function of the detector to a DD neutron 
point source. The experimental data is in good agreement with simulations and the absolute efficiency was estimated to 
be (4.1±0.2)h10-6 tracks/neutron at an energy of 2.5MeV. As a future work, we will analyze the emulsions to obtain 
the emission profile and energy spectrum of DD neutrons.  
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